The inferior frontal gyrus (IFG) is active during both goal-directed action and while observing the same motor act, leading to the idea that also the meaning of a motor act (action understanding) is represented in this "mirror neuron system" (MNS). However, in the dual-loop model, based on dorsal and ventral visual streams, the MNS is thought to be a function of the dorsal steam, projecting to pars opercularis (BA44) of IFG, while recent studies suggest that conceptual meaning and semantic analysis are a function of ventral connections, projecting mainly to pars triangularis (BA45) of IFG. To resolve this discrepancy, we investigated action observation (AO) and imitation (IMI) using fMRI in a large group of subjects. A grasping task (GR) assessed the contribution from movement without AO. We analyzed connections of the MNS-related areas within IFG with postrolandic areas with the use of activation-based DTI. We found that action observation with imitation are mainly a function of the dorsal stream centered on dorsal part of BA44, but also involve BA45, which is dorsally and ventrally connected to the same postrolandic regions. The current finding suggests that BA45 is the crucial part where the MNS and the dual-loop system interact.
Introduction
The current concept of goal-directed movement is based on the integration of sensory information into a motor format. The related visual information, according to the model of Goodale and Milner, arises from the same early visual areas and takes 2 different pathways (Goodale and Milner 1992; Milner and Goodale 2008) . The "ventral visual stream" (for "object semantics") accesses the ventral temporal areas, and the "dorsal visual stream" (vision for action) reaches the parietal lobule (Milner and Goodale 2008) . In recent years, this model was extended and more general functions of ventral and dorsal visual streams were described in a dual-loop model in different domains. This dual-loop model makes a distinction between a dorsal and a ventral stream (or pathway) with different properties, anatomically defined by their trajectories of the connecting long association tracts, which run either above or below the Sylvian fissure (Umarova et al. 2010 (Umarova et al. , 2011 Rijntjes et al. 2012; Rijntjes and Weiller 2013) . The dorsal stream is suggested to have the general capacity, independent from the domain, to analyze the sequence of segments, either in time or in space, as well as fast on-line integration between sensory event information and "internal models or emulators" (Rauschecker and Scott 2009) . The ventral stream is thought to be responsible for the time-independent identification of an invariant set of categories that are related to semantic memory and meaning (Rauschecker and Scott 2009; Weiller et al. 2011; Rijntjes et al. 2012) . It is of interest how the dualloop model is related to the human "observation-execution matching system" or the human "mirror neuron system" (MNS) (Rizzolatti and Craighero 2004) . The MNS is based on the "mirror" character of so-called mirror neurons within monkey's area F5 of the ventral premotor cortex (vPMC), which are active during both execution and observation of goal-directed motor acts (di Pellegrino et al. 1992; Gallese et al. 1996; Rizzolatti et al. 1996) . Because of the multimodal character of mirror neurons, it is generally accepted that, in humans, they play a key role in imitation (Iacoboni et al. 1999) , recognition of related context , and attention toward the meaning more than toward the goal of an observed action (Hesse et al. 2009 ). Consequently, by observing an action, the MNS interprets the action itself as well as the underlying intention (e.g., (FabbriDestro et al. 2008) ). However, current data in humans are inconclusive in reconciling these 2 models (MNS and dual-loop model) . In the dual-loop model, the MNS is thought to be a function of the dorsal steam, projecting to pars opercularis (BA44) of the inferior frontal gyrus (IFG), while recent studies suggest that conceptual meaning and semantic analysis are a function of ventral connections, projecting mainly to pars triangularis (BA45) of IFG (Rauschecker and Scott 2009; Weiller et al. 2011; Rijntjes et al. 2012) . However, 2 recent meta-analyses comparing action observation and imitation, one pooling data from a single laboratory , another one a review of 139 studies in current literature (Caspers et al. 2010) , both showed involvement of a dorsal part of BA44 (BA44d) of IFG, which is generally regarded as part of the dorsal system (Umarova et al. 2010 (Umarova et al. , 2011 Rijntjes et al. 2012; Rijntjes and Weiller 2013; Vry et al. 2012; Saur et al. 2008; Yeterian et al. 2012) , but not the involvement of BA45. Therefore, it seems unresolved where the recognition of the meaning of a movement takes place and whether, for this process, the ventral stream plays a role. Furthermore, the role of ventral BA44 in the MNS is unclear. Both recent meta-analyses found a functional parcellation of BA44, reflecting the parcellation of BA44 into ventral BA44 (BA44ventral, BA44v) and dorsal BA44 (BA44dorsal, BA44d) (Amunts et al. 2010 ). BA44d was involved in both action observation and imitation whereas BA44v was predominantly involved in imitation tasks (Caspers et al. 2010; Molnar-Szakacs et al. 2005) .
To overcome shortcomings of meta-analysis, while very worthwhile in themselves, we investigated action observation and imitation in a large group of subjects to identify areas in the IFG involved in the MNS. Also, we included a grasping task without visual control to assess the contribution from movement without action observation to activation in the IFG. Thereafter, we analyzed the connection of the related seed regions of the MNS-related functional activated areas within postrolandic regions with those of the prefrontally activated areas. The combination of functional with connectional data might provide converging evidence for a more detailed understanding of the role of the frontal regions related to the MNS in the view of the dual-loop model.
Materials and Methods

Subjects
A total of 116 healthy volunteers (50 females; mean age: 25.7 years) were recruited for this study. All subjects provided written informed consent. The study was performed in accordance with the Declaration of Helsinki and was approved by the local Ethics Committee. All subjects were right-handed according to the Edinburgh handedness inventory (Oldfield 1971) . Because of head movement, 14 volunteers were excluded and so 102 subjects were included into the final analysis.
MRI Acquisition
MRI was performed in a 3-Tesla whole-body MRI-System (TIM-TRIO, Siemens, Erlangen, Germany) equipped with a standard head-coil.
For fMRI, contiguous multislice echo-planar images (EPI; TE 60 ms) were obtained in axial orientation. Thirty slices (3 mm thickness) were acquired every 2.49 s (voxel size 3 × 3 × m 3 ). For
T 1 -weighted MRI, 160 sagittal slices (1 × 1 × m 3 voxel size, TE 3.93 ms) were acquired. For the probabilistic diffusion tensor imaging ( probDTI) a diffusion-weighted Spin-Echo EPI sequence was used. The whole brain was covered with contiguous 2-mm slices with an in-plane resolution of 2 × 2 mm 2 . The diffusion encoding was performed in 61 different directions with an effective b-value of 1000 s/mm 2 . The following fMRI conditions were applied in a block design in 1 session: during REST volunteers fixated a cross in the middle of the screen. Action observation (AO): Videos of a hand grasping objects were presented in 1 block with the right hand from the first person position. During active conditions objects were used (like a key) which were grasped with a pinch grip form. Imitation of object grasping (IMI): Volunteers had their right hand lying next to their body. They observed a video while a hand grasped an object and were requested to imitate the observed movement with their right hand according to the videos. Volunteers knew about the fMRI conditions and trained before starting scanning. With the start of the videos, volunteers started with their arm accordingly to the observed grasping movement of the videos (quasi online performance). Objects were fixed on velcro tape fastened around the hip before MRI acquisition and were not visible to the volunteers. To examine the contribution of movement execution during IMI, we also investigated grasping an object without visual control. Grasping objects (GR): The right hand of the volunteers was lying next to their body. Objects were fixed on velcro tape, so the way to grasp was very short. They grasped a single object with their right hand while fixating a cross in the middle of the screen. This signal for grasping during GR and IMI was delivered by an acoustic stimulus via headphones, controlled by a PC running "Presentation"-Software (Neurobehavioral-System) synchronized to the scanner. Each REST, GR, IMI, and AO block lasted 25 s. Each active block was repeated 4 times and alternated in a pseudo-randomized fashion with REST. Volunteers performed the grasping movement 5 times in each block of GR and IMI. Videos presented in IMI and AO were the same (each video lasted 5 s). In all conditions, the same objects were observed or grasped. Motor responses were controlled via inspection within the scanner and by bipolar surface electromyography (from both M. flexor digitorum superficialis and M. extensor digitorum communis). Visual stimuli were projected on a screen positioned in front of the bore of the scanner with a horizontal field of view of 19°. Volunteers viewed the visual stimuli through prism glasses.
Data Processing and Statistical Analysis
fMRI data processing was performed with SPM8 (Welcome Department of Cognitive Neurology, London, UK) running under Matlab 2007a (Mathworks, Sherborn, MA, USA). The first 4 images of each run were discarded to allow for equilibration of longitudinal magnetization. Calculation of on-line motion and distortion-corrected fMRI volumes was performed at the scanner (Zaitsev et al. 2006) . Resulting volumes were spatially normalized to a symmetric template based on the Montreal Neurological Institute reference brain using the normalization parameters estimated during segmentation of the T 1 -anatomical scan. Normalized fMRI images were then smoothed with an isotropic 12-mm and 4-mm full-width half-maximum (FWHM) Gaussian kernel to allow valid statistical inference, according to the Gaussian random field theory (Friston et al. 2003) . We used low smoothing filter of 4-mm FWHM to investigate whether maximum peaks of activated regions change their coordinates (see also (Gazzola and Keysers 2009) ).
fMRI Statistical Analysis
Two complementary analysis methods were employed to fMRI data:
1. A general linear model based on a model of the time course and the hemodynamic response function was employed. Stimuli onsets were convolved with a canonical hemodynamic response function, as implemented in SPM8. Low-frequency components of fMRI time series were removed by high-pass filtering. In the second-level analyses, volunteers were treated as a random effect, and the contrast images of the conditions of interest were entered into a two-sample t-test. For statistical analysis, we applied a threshold of P < 0.05 (corrected across the whole brain, familywise error, FWE). 2. A "functional connectivity" (FC) analysis was used to examine the interaction between different region of interest (ROI) (Friston et al. 1997 ). We were interested in the difference of FC between 2 specific ROI from the fMRI group conjunction analysis of IMI and AO. Therefore, for each subject time series from ROI A and ROI B were extracted with a sphere of 5 mm. The time series from ROI A were included as regressor to subjects' fMRI images. From this analysis related to ROI A , one con-image for each subject was selected (this conimage includes FC between ROI A with the whole brain). This con-image was contrasted in a two-sample t-test to the con-image from ROI B . Consequently, FC of time series from ROI A which is prior to ROI B with the whole brain is analyzed (corrected P < 0.05, FWE). This analysis will elicit the difference between FC of ROI A in contrast to ROI B with whole brain. Anatomical description is based on the probabilistic cytoarchitectonic maps as implemented in the SPM anatomy toolbox (http://www.fz-juelich.de/inm/inm-1/DE/Forschung/_docs/ SPMAnantomyToolbox/SPMAnantomyToolbox_node.html) (Eickhoff et al. 2005 ).
Probabilistic DTI-Based Fiber Tracking
To examine the anatomical contribution between 2 ROIs the probabilistic diffusion tensor imaging (DTI)-based fiber tracking was used. ROIs for the probabilistic fiber tracking were extracted from the fMRI group conjunction analysis of IMI and AO in a sphere of 5 mm. The tracking area was restricted to a white matter mask to avoid tracking across anatomical borders. To ensure contact between the cortical ROIs and the white matter, a rim of gray matter was included in the mask. The diffusion tensor was first computed (Basser et al. 1994 ) from the movement-and distortion-corrected diffusion-weighted imaging dataset. A Monte Carlo simulation of random walks similar to the probabilistic index of connectivity method (Parker et al. 2003 ) was used to calculate separate probabilistic maps for each ROI. Region-to-region anatomical connectivity between 2 ROIs was computed using a newly developed combination of probability maps without a priori knowledge about the presumed course . While probabilistic DTI detects anatomical connection between 2 selected seed regions, FC between ROI A and ROI B figure out their different FC with the whole brain that can be influenced by regions which are directly connected and/or areas which indirectly interact.
Results fMRI Results
Conditions Versus Rest
Considering the aim of the study we only report activation within different regions of IFG.
During Imitation (IMI), 2 maximum peak voxels were found in BA44 ( pars opercularis of IFG). Our 2 peak voxels corresponded to the recently described subdivision of BA44 (Amunts et al. 2010) with 1 peak voxel in BA44v (MNI coordinates x-, y-, and z-coordinates: −48, 6, 6; T = 20.06) and the other one in the dorsal part of BA44 (termed as BA44d; −54, 6, 30; T = 18.33) ( Table 1) . Another local maximum was found in BA45 ( pars triangularis of IFG; MNI coordinates x-, y-, and z-coordinates: −45, 20, 24; T = 4.2). Since most previous imaging studies did not show activation of BA45 during IMI, we analyzed its activation in increasing subjects' number (group analysis of 10 subjects, 20 subjects, etc.). A group analysis of 40 subjects and more activated BA45 at the predefined P-value.
During Action Observation (AO), the maximum peak voxels in IFG were in BA45 (−48, 24, 21; T = 7.05) and in BA44d (−45, 9, 33; T = 7.41). In BA44v no significant activation was found in the comparison AO versus Rest.
During Grasping (GR), the maximum peak voxel in IFG was found in BA44v (−48, 6, 6; T = 3.5), and there was no significant activation in BA44d and BA45. (−45, 3, 6 ; T = 17.64) and BA44d (−54, 6, 30; T = 9.66).
Comparing IMI versus GR, significantly stronger activation was found for IMI in all 3 parts of IFG (in BA44v, BA44d, and BA45). The reverse comparison of GR versus IMI did not show any significantly stronger activation in IFG. The comparison of AO and GR showed significantly stronger activation for AO in BA44d (−42, 9, 30; T = 9.26) and in BA45 (−48, 24, 21; T = 8.89). The reverse comparison showed stronger activation in BA44v (−48, 6, 6; T = 5.14).
Conjunction Analysis
The conjunction analysis of IMI and AO showed commonly activated areas of BA44d (−45, 9, 33; T = 7.41) and BA45 (−45, 20, 24 ; T = 5.72) in IFG and no activation of BA44v (see Fig. 1 ). Further areas were found within the posterior parietal cortex (PPC; according to anatomy toolbox SPL (superior parietal lobule), 7PC; −30, −57, 57), V5 (according to anatomy toolbox the left inferior occipital area; −42, −75, −3), and in the anterior intraparietal sulcus (aIPS; according to anatomy toolbox hlp3; −36, −45, 51). aIPS was suggested to be the homolog area of macaque monkeys AIP (Binkofski et al. 1998; Borra et al. 2008 ) (for the anterior intraparietal sulcus, we use the term AIP in the following text). Further activation was evident in the fusiform gyrus (−42, −54, -15) as described previously (Chao et al. 1999; Binkofski et al. 2004) .
With the use of 4 mm smoothing, peaks in the conjunction analysis of IMI and AO within BA44 and BA45 remained stable and did not shift. Activation within the parietal lobe showed different maxima peak voxel: one in AIP (according to anatomy toolbox hlp3; −36, −45, 51), one in BA7a (according to anatomy toolbox SPL, 7PC; −30, −54, 57), and a further one in AIP (according to anatomy toolbox hlp3; −27, −60, 57). 
FC of BA44d and BA45
The dorsal activation region of BA44 (BA44d) showed a superior FC with the primary sensorimotor cortex, the PPC, the superior, and inferior parietal lobule (SPL, IPL) as well as AIP and ventral temporal gyrus (VTG) in contrast to BA45. BA45 revealed superior FC with angular gyrus (−48, −66, 33) and several frontal areas (see Fig. 2 ). Probabilistic DTI-based fiber tracking. ROIs were chosen from activated regions of the conjunction analysis of IMI and AO (BA44v, BA44d, BA45, PPC, AIP, and VTG). Anatomical contributions between all posterior regions (PPC, AIP, and VTG) with all frontal areas (BA44d, BA44v, and BA45) were calculated. The dorsal part of the BA44 (BA44d) was connected with AIP and PPC along the superior longitudinal fasciculus (SLF). The bundle of the arcuate fasciculus (AF) arising from the VTG blends with SLF and connects VTG with BA44d (the dorsal stream). In contrast, BA44v was connected with AIP and PPC via fibers passing through the extreme capsule (the fasciculus extreme capsule, EmC; the ventral stream) (see Fig. 3 ).
BA45 was connected with AIP and PPC via both the SLF (the dorsal stream) and the EmC (the ventral stream).
It must be considered that the probabilistic DTI does not have the resolution to discriminate axons and axonal terminations; therefore, we cannot rule out a polysynaptic pathway connecting postrolandic (PPC, AIP, and VTG) with prerolandic regions (BA44d, BA44v, and BA45) (see Fig. 4 ). ROI B (BA45) for each subject. In step 2, the extracted time series of each ROI are included as regressor to fMRI images for each subject. In step 3, the estimated model of step 2 is contrasted for each subject and each ROI. In the final analysis (step 4), a two-sample t-test was evaluated between the contrast of estimated model from ROIA (BA44dorsal) against ROI B (BA45) and vice versa. BA44dorsal shows more functional connectivity (in red) with the dorsal premotor cortex, the primary sensorimotor cortex, the posterior parietal cortex, the superior and inferior parietal lobule, as well as with the intraparietal sulcus and the ventral temporal gyrus in contrast to BA45. The BA45 revealed more functional connectivity with angular gyrus and more frontal areas (in green).
Discussion
Both action observation (AO) and imitation (IMI) involved
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http://cercor.oxfordjournals.org/ Caspers et al. 2010) . It must be considered that we did not control for eye movement, and our motor paradigm in GR and IMI irrespective of grasping movement differ with respect to their visual input. However, we did not find activation of the frontal eye fields in the individual comparisons, so that we assume that they might not have played a major role. However, both AO and IMI also involved BA45, both in the direct analysis of these conditions versus rest as well as in the conjunction analysis, which is a different finding from these 2 meta-analyses, where AO but not IMI was associated with activation in BA45. Analyzing IMI versus baseline in increasing number of subjects, we found that a group analysis of more than 40 subjects demonstrated activation of BA45 at predefined P-value (also in a low-smoothed single subject analysis (Gazzola and Keysers 2009) ). First, this means that a large cohort of subjects can have an advantage over meta-analysis, where such a finding might be not detected if in each single study the threshold for activation is not reached. Second, the present finding suggests that arguments so far explaining the absence of activation of BA45 during imitation should be revised.
In recent years, a prominent role of BA45 in the time-independent analysis for semantic and conceptual analysis in different modalities was recognized, whereas BA44 as part of the dorsal system is thought to be involved in the time-dependent analysis of sensory percepts and internal models ( 2009). Since the discovery of MNS, containing neurons that fire both during execution and observation of goal-directed motor acts, it is discussed to what extent the meaning of an observed action is also understood by the mirror neurons themselves, or whether hierarchically higher order areas area involved in this step (Buxbaum et al. 2005) . In line with findings in other domains (Weiller et al. 2009 Rijntjes et al. 2012; Rijntjes and Weiller 2013) , a recent view suggests that the "understanding" of action would mainly be a role of the ventral stream (Hickok and Hauser 2010) . Therefore, an involvement of BA45 as found in the present study in both action observation and imitation would not be unexpected. However, since at least both dorsally (BA44d) and ventrally (BA45) connected areas are involved both in action observation and imitation, the present finding might lead to further studies investigating whether a functional subdivision between these areas with regard to "understanding" a movement exists. and the ventral connection to the EmC (Makris et al. 2009 ). This latter pathway, together with the cortical regions that it connects, corresponds to the ventral processing stream (Umarova et al. 2010 (Umarova et al. , 2011 Rijntjes et al. 2012; Rijntjes and Weiller 2013; Vry et al. 2012; Saur et al. 2008; Weiller et al. 2009 Weiller et al. , 2011 Kravitz et al. 2011 . Monkey's area 45 was subdivided into 45A and 45B with different connections and different functionality. 45A was suggested to be more involved in communication behavior and 45B more in action observation (Nelissen et al. 2011; Gerbella et al. 2010 ). With the current fMRI paradigm, we are not able to differentiate functional subdivision of BA45. However, the seed region we took for analysis of probable DTI connections was taken from the conjunction analysis of AO and IMI, so that at least for these conditions, both dorsal and ventral projections to the parietal lobe were found. Since we used an object during both IMI and AO, it cannot be excluded that activation within IFG is partially related to encoding of object semantics and shape (analog to canonical neurons in monkey), see also (Grafton et al. 1997; Chao and Martin 2000; Grezes et al. 2003; Weisberg et al. 2007 ), see also (Nelissen et al. 2005 ).
The Functional Connectivity of BA44d and BA45
The FC confirmed that BA44d is mainly associated with cortical areas in the dorsal stream, while BA45 showed a strong correlation with activation in the prefrontal lobe and in the angular gyrus (GA). The IPL in monkeys (PF, PFG, and PG, likely corresponding to the supramarginal gyrus and angular gyrus in humans, respectively) is connected to the ventro-lateral prefrontal and the superior and middle temporal cortex via the middle longitudinal fasciculus (MDLF (Seltzer and Pandya 1984) ), while some parts of the IPL are connected via the EmC to the inferior frontal lobe (Caspers et al. 2011) . A recent study also showed the differential connections between monkey area 45B and 44, where 45B receives mainly oculomotor input (Gerbella et al. 2010 ) and has connections stretching to area PG in the inferior parietal lobe and more extensive connections to the ventral pathway through the extreme capsule (Frey et al. 2014) . As a multimodal association cortex directly connected to visual, somatosensory, and auditory association cortex (Geschwind 1965a (Geschwind , 1965b , GA serves as an interface between modalities and has been suggested to map perceptual input to distributed semantic knowledge (Binder et al. 2003 ). An alternative proposal is that GA is part of a fronto-parietal network engaged in top-down control of semantic processing in other regions (Corbett et al. 2009; Jefferies et al. 2006; Sharp et al. 2010) . Thus, BA45 and GA may act in concordance as an interface between dorsal and ventral processing streams, enabling them to act in a highly coordinated way to ensure efficient interplay between cognitive control, perception and action (Vry et al. 2012; Rijntjes et al. 2012; Sweeney et al. 2007 ).
The Inferior Parietal Lobule BA45 was both ventrally and dorsally connected with temporal and parietal areas, projecting to the same areas (PPC and AIP) in the parietal lobe and area VTG in the temporal lobe. Additionally, pathways from BA44d and BA44v were identified projecting to these areas in accordance with other studies, e.g., (Vry et al. 2012; Hoeren et al. 2013) , although the same seed regions from the parietal and temporal areas were used. The dorsal stream of BA45 from IPL is suggested to serve as an "ideal interface, where feed-forward signals from motor preparatory networks in the inferior frontal and premotor cortex can be matched with feed-back signals from sensory areas" (Rauschecker and Scott 2009 ).
BA44d and BA44v
Combining DTI with the fMRI data showed a clear subdivision of BA44 in BA44v and BA44d, as proposed before in cytoarchitectonic (Amunts et al. 2010 ) and functional Caspers et al. 2010 ) studies. Inside the dorsal stream, a distinction is made between dorso-dorsal connection to the dorsal premotor cortex and ventro-dorsal connection to the ventral premotor cortex (Rizzolatti and Matelli 2003; Binkofski and Buxbaum 2013) . We suggest that the current dorsal stream (connecting fibers of AIP and PPC to BA44d) might be the analog fibers of SLFIII (Vry et al. 2012) and is in line with Rizzolatti and Matteli's ventro-dorsal stream (Rizzolatti and Matelli 2003) , which corresponds to the parieto-premotor pathway of Kravitz et al. (2011) . This dorsal route may involve the strong connection between AIP and F5 (Luppino et al. 1999 ) and the connection between PFG of IPL with F5 (Nelissen et al. 2011) , because all these interconnected regions (AIP, PFG, and F5) are involved in action observation Rizzolatti and Matelli 2003; Fogassi et al. 2005; Nelissen et al. 2011; Murata et al. 2000) .
BA44v as Part of the Ventral Stream
Only actual movements towards objects (IMI, GR) activated BA44v. It was proposed that this area is involved in forward modeling processes, as a source of an efferent copy during imitation . This suggestion was supported by findings in other studies (Morin and Grezes 2008; Caspers et al. 2010; Vogt et al. 2007 ). These forward modeling processes would be therefore distinct from the internal models and sensorimotor integration processes associated with the dorsal pathway. The new information from the present study, however, is that BA44v, activated while making actual movements in the conditions GR and IMI, is connected with parietal areas via the ventral stream through the EmC. The general function of the ventral pathway, analogous to the ventral visual stream, is assumed to be the understanding of an action. However, when making an actual movement, we suggest that a matching with internal time-independent knowledge is required, additional to the spatial and sensorimotor inverse and feed-forward models of the dorsal stream. In this hypothesis, these calibrations are based on information about internal representations of the actual movement conferred by the ventral processing stream connecting parietal areas with BA44v. Interestingly, in another study contrasting the repetition of pseudo-words with listening to and understanding sentences, the repetition of pseudo-words, also an internally generated motor act without meaning, was associated with both a dorsal stream to BA44d and a ventral stream projecting to BA44v, but not with a connection to BA45, which was only activated and ventrally connected during the listening to and understanding sentences ). However, the 2 explanations (forward modeling and matching meaning with actual movement) are not mutually exclusive and are possibly overlapping.
Conclusion
In sum, the present data show that action observation and imitation are a function mainly of the dorsal system centered on BA44d, but also involve BA45, which is dorsally and ventrally connected to postrolandic regions. Based on this knowledge, further studies should identify which parts of the brain network are crucial for the analysis and understanding of observed movements. Since both imitation and grasping also involve BA44v, studies investigating the network for imitation should control for actual movements. 
